Introduction
Germanium (Ge) is a trace component in the Earth's crust and natural waters (Bernstein, 1985; Taylor and McLennan, 1985) . Germanium substitutes for Si in silicate mineral lattices and is widely dispersed in the crust. Depending on its geochemical environment, Ge shows either siderophile, chalcophile, and organophile behavior, and is consequently enriched in (1) iron meteorites and iron oxides, (2) zincrich and copper-rich sulfide ore deposits, and (3) some coal deposits (Bernstein, 1985; Pokrovski and Schott, 1998a; Höll et al., 2007; Qi et al., 2007a,b; Seredin and Finkelman, 2008) . In rivers that are distant from industrial regions and sources of coal combustion, the Ge/Si atomic ratio is about 0.6 × 10 −6
. Both Ge concentration and Ge/Si ratios are increased in most hydrothermal waters (Arnórsson, 1984; Mortlock and Froelich, 1986; Mortlock et al., 1993; Schott, 1998a, 1998b; Evans and Derry, 2002) . The unique nature of Ge makes Ge isotopes potentially useful tracers of rock weathering processes, coupled Ge and Si geochemical cycling, and the origin of hydrothermal sulfide deposits and Ge-rich deposits in coal mines.
Over the past few years, new advances in Ge isotope systematics have been made regarding (1) the measurement of Ge isotopic compositions of geological and extraterrestrial materials, such as igneous rocks, marine sediments, seafloor hydrothermal fluids, hydrothermal Fe-oxyhydroxides, terrestrial high-temperature geothermal fluids, sphalerite, and iron meteorites (Rouxel et al., 2006; Siebert et al., 2006; Luais, 2007) ; and (2) theoretical prediction of germanium isotope fractionation (Li et al., 2009; Li and Liu, 2010) . These preliminary studies have revealed striking Ge isotopic fractionation (up to 4 per mil for 74 Ge/ 70 Ge ratios) and provided the foundation for using Ge isotopes as new geochemical tracers.
As one of the most important Ge-bearing deposits (Höll et al., 2007) , coal-hosted Ge deposits represent an unusual reserve of N1000 tons with Ge concentrations up to 3000 ppm, mainly distributed in Russian Far East (Seredin and Danilcheva, 2001; Seredin and Finkelman, 2008) , and Western Yunnan and Inner Mongolia in China (Zhang et al., 1987; Zhuang et al., 1998a Zhuang et al., ,1998b Qi et al., 2004 Qi et al., , 2007a Qi et al., , 2007b Zhuang et al., 2006; Du et al., 2009; Hu et al., 2009) . Since Ge has the highest organic affinities of all elements in coal (Valkovic, 1983) , coal-hosted Ge deposits have been regarded as the best example of ore deposits where the organic matter played an important role in their formation (Seredin and Danilcheva, 2001 ). However, despite its importance, there are still active debates regarding the sources of Ge and the importance of hydrothermal enrichment during coal formation. In this study, we report a comprehensive study of Ge isotopic composition of Ge-rich lignite samples from the Lincang Ge deposit, Yunnan, Southwest China, which in turn provides important constraints on the mechanisms of Ge isotopic fractionation during water (hydrothermal solution) and rock (coal) interaction in organic-rich geological environments. We also investigated potential Ge isotope fractionation during coal combustion in order to explore the possibility of using Ge isotopes as robust tracers of anthropogenic sources of Ge (i.e. from fossil fuel burning) in the environment.
Geological setting and sample collection
The Lincang Germanium Deposit (LGD), including the Dazhai and Zhongzhai ore blocks, is located in the Bangmai Basin of Lincang County, Yunnan Province, Southwest China (Fig. 1) . Hu et al. (2009) described the regional geological background and the geological characteristics of this deposit in detail. The Bangmai Basin, with an area of 16.4 km 2 , is a 10-km long and 4.5-km wide half graben, controlled by NW and EW-trending faults and is filled by the Miocene Bangmai Formation with a maximum thickness of 1142 m. The lower part of the Miocene Bangmai Formation is mainly composed of diluvial and alluvial granitic clastic rocks, overlain by an upper sequence of sandstones, siltstones, coal seams and diatomites. The upper sequence is further divided into seven units (N 1b 2-8 ), three of which are coal-bearing (N 1b 2 , N 1b 4 and N 1b 6 ). The coal seams in these units mainly consist of low maturity lignite and a few bituminous coals. All these near-horizontal sequences, bearing fewer and thinner coal seams, are found in the east limb, while only a few sequences with steeply dipping (up to 75°) and thicker coal seams are preserved in the western limb. The Bangmai Formation was deposited onto the Middle Triassic Lincang granitic batholith, which is lithologically composed of biotite-and two-mica granites.
The proven Ge reserve of the LGD is more than 1000 tons. Prospecting data show that the concentrations of Ge in the coal seams of the LGD change both vertically and laterally. Germanium mineralization occurs in the coal seams of the basal coal-bearing unit (N 1b 2 ) of the Bangmai Formation (Fig. 2) . The Ge-mineralized coal seam is interlayered with cherts and siliceous limestones in Zhongzhai, while the other coal seams in the upper two coal-bearing units (N 1b 4 and N 1b 6 ) are not interbedded with cherts and siliceous limestones, and are not enriched in Ge. The major and trace element composition, as well as O-and C-isotopic compositions of these cherts and siliceous limestones are similar to those of hydrothermal sediments, indicating formation by hydrothermal sedimentation (Qi et al., 2004; Hu et al., 2009 ). The main Ge ore bodies are mainly distributed in the west limb of the Bangmai Basin (Fig. 2) . The equant or elongated orebodies are usually located at fault intersections (Fig. 1) . The mineralized area in Dazhai is 600 m long and 400 m wide, with an area of 0.25 km 2 . The stratiform or lentiform orebodies, with an average thickness of 4 m (up to 14.3 m), measure 470 m × 400-800 m in area (Li, 2000) . Germanium concentrations of coal samples from the mineralized coal seams range from a few tens of ppm to about 2500 ppm, with an average of 850 ppm, and Ge appears to be concentrated at the top and the bottom of coal seams, and where coal seams are in contact with cherts or siliceous limestones (Qi et al., 2004; Hu et al., 2009) .
The Ge-rich lignite samples are mainly half-bright and half-dull coal with massive structures, which have high huminite (60%-80%, mainly corpohuminite), and low semifusite group (2% to 10%, mainly fusovitrite), stable group (2% to 3%, including cutinitem, resinite, small sporinite, alginite and funginite), and mineral component (2% to 10%) contents. Ge-free lignites are lithologically similar to Ge-rich lignites, but with lower huminite contents (usually less than 70%) and banded or massive structures (Han et al., 1994; Zhuang et al., 1998a) . The results of total elemental analysis of selected raw coal samples with various Ge concentrations from the LGD indicate that the major elemental compositions of Ge-rich lignite samples from the first coalbearing unit (N 1b 2 ) are similar to those of Ge-free lignite samples from the second coal-bearing unit (N 1b 4 ), while Ge-free lignite samples tend to show lower carbon, and higher sulfur and oxygen contents, when compared to those contents of Ge-rich lignite samples (Table 1) . Minerals identified by XRD semiquantitative analysis of Ge-rich lignite samples from this deposit consist mainly of quartz, kaolinite, pyrite, and minor potassic feldspar, illite, calcite, gypsum and barite, while the mineral phases of Ge-free lignite samples consist mainly of pyrite and quartz (Table 2) . No discrete Ge minerals have been observed in the deposit. Results of EPMA, TEM-EDX, sequential extraction, and floating experiments (heavy media separation) of coal samples collected from the same coal-bearing unit of the Dazhai ore block show that Ge occurs predominantly (up to 80%) in huminites (low-reflectance humic materials in lignite) (Zhang et al., 1987; Zhuang et al., 1998b; Hu et al., 2009) . Hence, Ge in mineralized coal seams from the LGD is mainly associated with organic matter.
Based on the geological and geochemical characteristics of the LGD and the fact that the solubility of Ge and Si positively increases with temperature Schott, 1998a, 1998b) , Qi et al. (2004) and Hu et al. (2009) proposed that circulating hydrothermal fluids leached abundant Ge and other elements from Ge-rich granites in the basement. Such hydrothermal fluids were then discharged into the basin, mainly along fault intersections, to form stratiform cherts and siliceous limestones by depositing Si and Ca and forming Ge-rich coal via interaction between Ge in the fluids and organic matter in the coal seams during diagenesis. 38 samples of Ge-rich coal were collected from the recent stripmine benches of the coal seams (main ore bodies) in the basal coalbearing unit (N 1b 2 ), at different portions (the top, middle and bottom) of the coal seams at Dazhai (DZ series samples) and at Zhongzhai (ZZ series samples), respectively. The sampling channels (grooves on the surface of coal seam) were generally 0.15-m wide × 0.20-m long × 0.10-m deep. Furthermore, 5 sandstone samples from the roof and partings of Ge ore-bodies, 10 hydrothermal chert samples and 5 hydrothermal limestone samples interlayered with Ge-bearing coal seams in the basal coal-bearing unit (N 1b 2 ), and 5 granite samples from the outlying Bangmai Basin were also collected and analyzed. In order to investigate possible Ge isotope fractionation during coal combustion, we analyzed 2 soot samples (which were directly collected from the stockroom of the power plant at Zhongzhai as the raw product from Ge-rich coal combustion), 2 cinder samples (solid waste of combustion of Ge-rich coal, collected from the dump of power plant), and various ashes of Ge-rich lignite prepared after ashing at 600°C for 24 h in a muffle furnace.
Analytical techniques

Sample dissolution and chemical purification
Less than 100 mg of sample was accurately weighed into PTFE digestion vessels. Samples were first reacted with 10 ml of concentrated HNO 3 at 120°C for more than 48 h and taken to dryness on a hot plate at 120°C. If black organic C residue remained, an additional 15 ml of concentrated HNO 3 were used. Final digestion of the dry residue obtained after HNO 3 dissolution was performed using 1 ml of concentrated HF and 5 ml of milli-Q water. The solution was heated for more than 24 h in the sealed PTFE containers on a hot plate at a temperature of 120°C and solutions were shaken periodically. The solution along with insoluble precipitates were transferred into a polypropylene centrifuge tube and diluted with milli-Q water to obtain a final solution of~1 N HF. The supernatant containing Ge and other soluble fluoride complexes was then loaded on an anion-exchange chromatographic column filled with 1.8 ml of AG1-X8 resin (Bio-Rad, Hercules, CA, USA, 100-200 meshes) following previously published methods (Rouxel et al., 2006) . After adsorption of Ge on the column, 10 ml of 1 N HF and 2 ml of H 2 O was passed through the column to elute the remaining matrix. Germanium was then eluted using 12 ml of 3 N HNO 3 and the solution was taken to dryness at temperature less than 80°C. After evaporation, the residue was dissolved in 3-5 ml of 0.28 N HNO 3 at 80°C for more than 1 h. The final solution was then ready for isotope analysis.
HG-MC-ICP-MS analysis
Germanium concentration and isotopic ratios were measured using a Thermo-Scientific Neptune MC-ICP-MS coupled with continuous flow hydride generation (HG) system operating at the Pôle Spectrométrie Océan (PSO) of the French Research Institute for Exploitation of the Sea (IFREMER). The instrumental operating conditions and data acquisition parameters are essentially those used in previous studies of Ge isotopes (Rouxel et al., 2006) . A small aliquot of sample solution was taken and diluted 3-10 times by addition of 0.28 N HNO 3 for Ge concentration analysis, then the raw sample solution was diluted according to Ge concentration for Ge isotope measurement. Under typical conditions, a minimum of 2 ml of solution was analyzed at a concentration ranging from 5 to 50 ppb. The amount of Ge used per analysis varied between 10 and 100 ng for most data presented in this study. Instrumental mass fractionation was corrected using the standard-sample bracketing approach, which involves the measurement of standard (NIST SRM3120a Ge standard solution in this case) before and after each sample. The isotopic results are reported using notation as:
where X equals 74, 73, or 72. The standard isotopic values correspond to the average values of the NIST SRM3120a Ge standard solution analyzed before and after the sample at the same concentration (within 10%). As discussed in Escoube et al. (submitted for publication), the δ 74 Ge value for bulk silicate Earth is defined at around 0.59 ± 0.18(2σ) ‰ relative to NIST3120a. Internal "Ge-Spex WHOI" Ge standard solution (Spex CertiPrep, Lot# 11-160GE, [Ge] = 100 μg/g in 2% HNO 3 ) was used following the same dissolution and chemical purification processes as ordinary samples, and yielded Ge recovery ratios of 86.9%-98.1% and δ
74
Ge values ranging from − 0.66‰ to − 0.80‰, which are indistinguishable from the direct measured δ 74 Ge value (− 0.64‰) within an uncertainty of 0.2‰ (Escoube et al., submitted for publication), indicating there is no Ge isotopic fractionation during the sample preparation processes (Table 3) .
Ge concentration analysis
We weighed 50 mg of sample into PTFE digestion vessel. Samples were first dissolved by 1 ml concentrated HF and 3 ml concentrated HNO 3 at a temperature of 195°C for 48 h and distilled to dryness on a hot plate. The residue was then re-dissolved in 2 ml concentrated HNO 3 at a temperature of 130°C for 10 h. After cooling, 500 ng Rh was added into the solution as an internal standard. The final solution was adjusted to 50 ml by the addition of the distilled deionized water and was determined directly by a ELAN DRC-e ICP-MS at the Institute of Geochemistry, Chinese Academy of Sciences. Digestion and analysis of international reference material GSR-1 was performed following the same procedures. Analytical precision of Ge concentration was estimated to be better than 8%.
Results
The analytical results (including duplicate analysis) of the Ge isotope compositions of different samples of various types from the LGD are presented in Table 3 , as well as the USGS coal standard CLB-1 and the "Ge-Spex WHOI" standard solution. A comparison of δ
74
Ge values of the samples from the LGD with other published values for Earth and planetary materials is presented in Fig. 3. 
Ge isotope composition of Ge-rich lignite
Ge-rich lignite samples from the LGD show a large spread in Ge concentrations, ranging from 2.64 to 2585 ppm, and their δ 74 Ge values vary from −2.59‰ to 4.72‰, yielding an overall range of 7.31 per mil for all data available (Fig. 3) . The δ 74 Ge values are negatively correlated with Ge concentrations, and δ
74
Ge values decrease with increasing Ge concentrations in Ge-rich lignite (Fig. 4) covariant trends in different profiles of coal seams from the LGD. In cross-section A at Dazhai, the coal seams are about 10 m in thickness with sandstones in the hanging wall and siltstones in the footwall. Germanium is notably concentrated in the lower portion of the coal seams ( Fig. 5a ), while δ
Ge values show a peak of 3.55‰ in the middle portion (Fig. 5b) . In cross-section B at Zhongzhai, thin coal seams with siliceous limestone as hanging wall rock and sandstone as footwall rock were interlayered with sandstone. Germanium is clearly concentrated at the top and the bottom of the upper thin coal seam (Fig. 5c ), while δ
Ge values generally increased (up to 4.72‰) in the middle of three thin coal seams in this section (Fig. 5d) . In crosssections C and D, the coal seams were interbedded with chert and/or claystone at Zhongzhai (Fig. 5e and g ). Ge-rich lignite samples close to chert show higher Ge concentrations (between 1382 and 2431 ppm) and lower δ 74 Ge values (between 0.49‰ and 1.59‰), compared to those values in section B.
Ge isotope composition of hydrothermal chert and limestone
The Ge concentrations of 10 hydrothermal chert samples from the LGD range from 21.6 to 356 ppm, and two samples (ZZ-57 and ZZ-19) with high Ge concentrations (167 and 356 ppm) also show high values of loss on ignition (LOI) (8.70% and 13.31%, respectively) (Fig. 6a) . The δ 74 Ge values of these cherts vary from − 0.14‰ to 2.89‰, with a total range of 3 per mil, basically similar to the range of Ge isotopes reported for deep sea cherts and radiolarites by Rouxel et al. (2006) (Fig. 3) . With an exception of two samples (ZZ-57 and ZZ-19), the most Ge-rich chert samples tend to have the lowest δ 74 Ge values Fig. 6a and b) . Ge values (2.69‰-3.50‰) (Fig. 8) .
Discussion
Closed-system equilibrium fractionation model for Ge isotope variation in Ge-rich lignite
Based on Urey model (or Bigeleisen-Mayer equation) and high level quantum chemistry calculations, Li et al. (2009) estimated the equilibrium fractionation factors (α) in several Ge isotope systems, including the dominant aqueous Ge(OH) 4 and GeO(OH) 3 − species in seawater, Gebearing organic complexes (e.g. Ge-catechol, Ge-oxalic acid and Ge-citric acid), and Ge in quartz-(or opal-), albite-, K-feldspar-, olivine-and sphalerite-like structures. According to these estimated equilibrium fractionation factors (α), the light Ge isotope ( 70 Ge) will be preferentially enriched in organic matter (α organic-Ge(OH)4 b 1), while the heavy Ge isotope ( 74 Ge) will be slightly enriched in quartz (α quartz-Ge(OH)4 N 1), relative to coexisting aqueous Ge(OH) 4 . Germanium isotope fractionations defined as [1000 Ln(α)] between 6-coordinated Ge-bearing organic complexes and Ge(OH) 4 (aq) and between quartz and Ge(OH) 4 (aq) can be up to −4.9‰ and 1.1‰ at 25°C, respectively. If we approximate the equilibrium fractionation factor between coal and water (α Coal-Ge(OH)4 ) as identical to the fractionation factor between Ge-catechol and water (α Ge-catechol-Ge(OH)4 ), we can further deduce that the Ge isotope compositions of coal-associated quartz will be distinctly heavier (up to 6‰ at 25°C) than those of coal in the case of an isotopically closed system at equilibrium. However, our analyzed δ 
Open system Rayleigh fractionation model for Ge isotope variation in Ge-rich lignite
For non-traditional isotope systems, the isotopic fractionation during reduction of Se(VI) and Cr(VI) in solution (Johnson et al., 1999; Ellis et al., 2002) , sorption of Ge (IV) on goethite (Galy et al., 2002) , and adsorption of aqueous monosilicic acid onto iron oxide (Delstanche et al., 2009 ) have been shown to follow a Rayleigh fractionation process. In particular, Galy et al. (2002) deduced that a similar fractionation mechanism might be expected to occur during Ge sorption onto organic matter. In this section, we calculate the Ge isotopic fractionations produced by a Rayleigh fractionation process during Ge sorption onto coal (i.e. complexation of Ge in solution with organic functional groups in coal, see Bernstein, 1985; Manskaya et al., 1972; Pokrovski and Schott, 1998b) and during the precipitation of quartz.
For open system isotopic exchange, the Ge isotopic ratio of the solution from which Ge is precipitated in coal can be described by the following equation (Rayleigh, 1896) : 
Similarly, Ge isotope fractionation produced by Rayleigh fractionation processes during precipitation of quartz also can be calculated using the foregoing equations.
For calculations, we assumed that α is constant and that δ 74 Ge i is 1.70‰, which is close to the Ge isotopic composition (δ 74 Ge value of 1.50‰) for low temperature hydrothermal solution formed in volcanic environments (Rouxel et al., 2008) . The mean random vitrinite (or huminite in lignite) reflectance (R m in%) of Ge-rich lignite samples from the LGD range from 0.39% to 0.60% (0.48% on average, n = 27), and based on the relationship between R m and maximum burial temperature (T max in°C) (Barker and Pawlewicz, 1986) , the calculated T max values vary from 33.1°C to 88.4°C, with an average of 60°C (n=27; Table 4 ). The values of α Coal-Ge(OH)4 (approximated by α Ge-catechol-Ge(OH)4 ) and α quartz-Ge(OH)4 were calculated from the formula (1000 Lnα =A 10 Ge values of solution and coal increase with fraction of Ge precipitated in coal and show a greater range (more than 14 per mil) during the sorption of Ge in coal (Fig. 9a) ; (2) while precipitation of quartz will lead to decreasing of instantaneous δ
74
Ge values of solution and quartz (Fig. 9b ).
Considering that (1) the contents of humic acids in Ge-rich lignite samples from the LGD range from 11.58% to 33.39%, (2) the quantity of Ge absorbed (Ge absorb in μg) on humic acids extracted from peat is positively correlated with Ge concentration ([Ge] solution in g/l) in solution (Ge absorb =1.80 [Ge] solution − 29.64, r = 0.98, n = 6) (Zhang et al., 1987) , and (3) Ge in mineralized coal seams from the LGD is mainly associated with organic matter, we can simply deduce that quantity of Ge absorbed in coal ([Ge] coal ) will also be positively correlated with Ge concentration in solution ([Ge] solution ). The relation between [Ge] coal and the initial Ge concentration in solution ([Ge] i ) can be expressed as:
with k being the partition coefficient factor between solution and coal. Then, Eq. (4) can be written as:
Ge coal can be related to [Ge] coal by
where
For Ge-rich lignite samples derived from the same hydrothermal source, A and B can be regarded as constants. The calculated values of α between organic-complexes and Ge(OH) 4 (aq) are less than 1 (Li et al., 2009) , and α − 1 is a negative value, therefore δ 74 Ge coal value will be negatively correlated with [Ge] coal . This is fully consistent with Ge-free lignite samples were collected from the second coalbearing unit (N 1b 4 ), while Ge-rich lignite samples were collected from the first coal-bearing unit (N 1b 2 ).
the observed negative correlation between δ
Ge values and Ge concentrations of Ge-rich lignite samples from the LGD (Fig. 4 ).
An initial Ge solution concentration of 30 ppb and a constant attenuation coefficient of 3 ppb/m were chosen to schematically monitor the variation of instantaneous [Ge] Ge values and Ge concentrations of Ge-rich lignite samples in the midlower part of cross-section A from the LGD (Fig. 5a and b) .
There are many factors controlling the distribution of Ge in coal, such as thickness of the coal seam, depth of burial of the coal seam, permeability of the country rocks, ground water level, initial Ge concentration of the Ge-bearing solution, migratory direction of the Ge-bearing solution, the width of the front edge of the Ge-bearing solution, as well as the distance between the coal seam and central passage of the Ge-bearing solution (Smirnov, 1977; Yudovich, 2003; Qi et al., 2007a) . The combination of these factors might vary among different parts of one particular coal seam within the same coal deposit. Generally, Ge tends to be concentrated at the top or the bottom of a coal seam, obeying 'Zilbermints Law' (Yudovich, 2003) . For thin coal seams interlayered with sandstone, such as the coal seams in cross-section B (Fig. 5c) , when Ge-bearing solution reached the coal seam, the high permeability of sandstone favors rapid migration and diffusion of Ge-bearing solution through the sandstone, and the coal samples from the bottom of the upper coal seam and those from the top of the lower coal seam, which distributed near the interlayered sandstone, have more opportunity to interact with Gebearing solution and tend to enrich more Ge relative to coal samples in the middle. A similar scenario may have also occurred in the upper part of section A from the LGD. As mentioned earlier, coal samples near the top or the bottom will preferentially incorporate the light Ge isotope ( 70 Ge), producing a remaining aqueous solution with a lower Ge concentration but enriched in heavy Ge isotopes. When this remaining aqueous solution interacted with coal samples in the middle part of the coal seam, those coal samples will consequently show lower Ge concentrations and elevated δ 74 Ge values as shown in Fig. 5c and d.
Ge isotope variation in other samples from LGD
Germanium concentrations in hydrothermal chert and limestone samples from the LGD are two orders of magnitude higher than those in sedimentary carbonate rocks (0.09 ppm on average, Bernstein, 1985) and in deep-sea cherts (0.23-1.02 ppm, Kolodny and Halicz, 1988; 0.39-1.08 ppm, Rouxel et al., 2006) . The distinct correlation between LOI and Ge concentration of limestone samples indicate the addition of Ge-rich organic matter. The Ge isotopic compositions of limestone samples are basically similar to those of chert samples (Table 1 and Fig. 3 ), indicating the equilibrium fractionation factors (α) between calcite and Ge(OH) 4 (aq) might be close to that between quartz and Ge(OH) 4 (aq). The opposite Ge isotopic fractionation factors between quartz, coal and aqueous Ge(OH) 4 suggest that the precipitation of Ge in quartz will suppress Ge isotopic fractionation caused by sorption of coal. This might be the reason why the Ge i = 1.7‰ was selected, and equilibrium fractionation factors (α Coal-Ge(OH)4 and α quartz-Ge(OH)4 ) were calculated at T = 50°C from formula in Li et al. (2009) . α Coal-Ge(OH)4 is approximated by α Ge-catechol-Ge(OH)4 . measured Ge isotopic fractionations (about −0.1 to 1.3 per mil) between chert and nearby Ge-rich lignite samples in Fig. 5f and h are less than that expected from the equilibrium fractionation model (up to 6‰ at 25°C). Therefore, the Ge isotopic composition of chert might record the competitive fractionation produced by precipitation of quartz and sorption by coal.
The difference in the measured isotopic composition for reactant and product most closely match that of the true fractionation factor at the beginning of the reaction (Johnson et al., 2004) (between 1.63‰ and 2.64‰) of sandstone samples in middle part of coal seam may also be attributed to the addition of organic matter.
Ge isotope fractionation during coal combustion
The mobility of trace elements during combustion depends on their affinities and concentrations, physical changes and chemical reactions of these elements with other volatile elements, and combustion technology (temperature, time of exposure, type of ash generation, etc.) (Querol et al., 1995) . For any particular coal, combustion temperature might be one of the most important factors controlling elemental behavior during coal combustion. If combustion temperature is higher than the melting point or boiling point of one element, the element will be vaporized. The ashing temperature of our analyzed coal ash samples (600°C) is less than the melting point of Ge metal (937°C). Therefore, there is no distinct loss of Ge and Ge isotope fractionation during low temperature ashing. This means that low temperature ashing might be an alternative way to enhance Ge concentrations and to overcome matrix effects from high organic carbon content during analysis of organic-rich geological samples with low Ge concentrations.
However, for high temperature combustion, this situation may be quite different. In a typical coal-fired power station, combustion takes place in a furnace operating at temperatures N1400°C (Clarke, 1993) . Similar to the fractionation of Zn, Cd and Hg isotopes between dust or gas and slag from Pb-Zn refinery plants (Cloquet et al., 2006 (Cloquet et al., , 2008 Sivry et al., 2008; Sonke et al., 2010) , high temperature coal combustion also fractionates Ge isotopes, with Ge isotopic compositions of soot (volatile component) are distinctly lighter (up to 2.25 per mils for δ 74 Ge) than those of cinder (solid residue). The elements associated with sulfides, sulfates and organic matter in coal show the highest extraction rates during combustion (Querol et al., 1996) . As mentioned earlier, Ge is mainly associated with organic matter in coal, and similar to the fractionation of Cd(0) during evaporation (Wombacher et al., 2004) , the distinct Ge isotope fractionation between soot and cinder samples might also be attributed to evaporation-condensation processes during high temperature coal combustion. Both Ge and some potentially hazardous elements (i.e. Zn, Pb, As, and Cd) were classified in the same moderately volatile group, and these elements tend to be enriched in the fly ash and depleted in bottom ash (Clarke, 1993) . Depending on the raw concentration of those elements in coal or Pb-Zn ore (mostly sphalerite), Ge and other potentially hazardous elements (Zn, Pb, As, and Cd) might be preferentially and simultaneously enriched in dust or soot during high temperature coal combustion and Pb-Zn refining processes. Our analytical results show that the concentrations of Zn, Pb, As, and Cd in Ge-rich soot from the LGD can be up to 9060 ppm, 5681 ppm, 406 ppm, and 119 ppm, respectively (Table 5 ). The average Ge concentration (5.7 ppm) in USA coals is higher than that (1.6 ppm) of the upper continental crust (Taylor and McLennan, 1985; Finkelman, 1993) , and Ge is commonly enriched in sphalerite (Ge concentrations range from a few ppm to about 3000 ppm, Bernstein, 1985 and reference therein). Therefore, Ge isotopes have great potential to be a tracer of sources of Ge and other heavy metal pollution caused by high temperature industrial processes (coal combustion and Pb-Zn refining) in the environment.
It has been also shown that rivers draining industrial regions with significant coal combustion are contaminated with Ge leached from fly ash particles, resulting in Ge/Si ratios up to tenfold above the naturally weathered background (Froelich et al., 1985) . For example, large rivers such as Mississippi, St. Lawrence, Changjiang and Danube have Ge/Si ratios well in excess of 1 × 10 −6 (mol/mol) which has been attributed to significant coal combustion and associated Ge mobilization in their watersheds (Mortlock and Froelich, 1987) . Hence, considering the generally positive δ 74 Ge values observed in coal, which is in marked contrast with the generally negative δ 74 Ge values in sulfide-rich ore deposits (Escoube et al., submitted for publication), Ge isotopic compositions of rivers and probably coastal oceans should provide a useful mean to discriminate anthropogenic Ge sources in the environment.
Conclusions
Large Ge isotopic fractionation (up to 7.31‰) and a negative correlation between δ 74 Ge values and Ge concentrations were found in the Ge-rich lignite samples from the Lincang Ge deposit. Lignite Table 5 Melting and boiling point of various elements and their concentration in soot and cinder samples from the Lincang Ge deposit (ppm). indicate high temperature coal combustion also fractionates Ge isotopes. The distinct enrichment of potentially hazardous elements (i.e., Pb, Cd, and As) and Ge in soot from coal combustion, as well as the common enrichment of Ge in sphalerite, highlight the possibility of Ge isotopes as a tracer of sources of heavy metal pollution caused by high temperature industrial processes (coal combustion and Pb-Zn refining) in the environment.
